Abstract: Biomass energy has been used for decades in lieu of fossil fuels. However, biomass, such as wheat straw, typically contains a high concentration of alkali elements, which is likely to induce unfavorable conditions during combustion, such as slagging, agglomeration, and corrosion in the boiler. This study investigated the effects of leaching on the chemical compounds and sintering temperatures of wheat straw ash before and after leaching by tap water. Ash melting and sintering degree tests were conducted using hot-stage microscopy and a scanning electron microscope, respectively. The results show that the ash content in wheat straw decreased by 26.09% (from 4.14% to 3.06%) following leaching, as did the chlorine (Cl), sulfur (S), and nitrogen (N). Meanwhile, the ash-related elements such as potassium (K), magnesium (Mg), and silicon (Si) reduced after leaching too. Additionally, the higher heating value increased slightly, from 19.25 to 19.53 MJ/kg. At the same time, leaching improved the ash melting temperatures of wheat straw during combustion and minimized the ash sintering degree. Similar results were also shown in scanning electron microscope (SEM) images, which clearly indicated that the leached samples had a lighter sintering degree than the original samples. Overall, the leaching process had a positive effect on the ash sintering problems of wheat straw.
Introduction
Human activities demand a vast amount of energy. Fossil fuel has been the most prevalent energy source for the past several decades. However, population growth and economic development have greatly stimulated an increase in overall energy consumption, which, in turn, has accelerated the use of fossil fuels. The yearly energy demand throughout the world doubled between 2000 and 1970, and, in addition, it increased by 26% from 2000 to 2010 [1] . Because of the rapid depletion of fossil fuels, many people are now facing an energy crisis and its byproducts, such as energy contention, financial crises, regional conflicts, etc. The consumption of fossil fuels also emits greenhouse gases (GHGs), inducing environmental issues such as acid rain, haze pollution, and global warming. GHG emission has alarmingly increased during the past 50 years, resulting in global warming. The emission of carbon dioxide has increased by 100%, while the emission of other GHGs (such as methane and nitrous oxide) has increased by 30% during the past 50 years [2] .
Currently, there is a growing interest in utilizing biomass residues for energy purposes in lieu of fossil fuels [3] [4] [5] [6] [7] [8] [9] [10] . As a potential energy resource, biomass could provide solutions for economic, political, and environmental problems, such as fossil fuel dependence, job opportunities per unit of energy produced, and adverse environmental impact. Additionally, biomass residues 
Materials and Methods

Sampling
Wheat straw samples were collected and cut to 100-250 mm in size in the field by harvesters in North Rhine-Westphalia, Germany (August 2016). The collected samples were pressed as straw blocks, with an average mass of 300 kg per block, before storage. Local tap water (ionic concentration Na + -1.93 mg/L, K + -0.89 mg/L, Mg 2+ -2.05 mg/L, Ca 2+ -8.55 mg/L, Cl − -4.18 mg/L, SO 4 2− -7.93 mg/L, NO 3 − -2.57 mg/L) was adopted as a leaching agent in this study. Said et al. [23] reported that tap water made no difference, compared with distilled water, when leaching biomass. Compared with distilled water, tap water has the advantage of being simple, readily available, economical, and feasible. Additionally, tap water is relatively stable and more controllable than natural precipitation [21] . The leaching process began with the main washing process. Each straw block was mixed with tap water, using a solid to liquid ratio of 1:12 (wt./wt.), in a 30 m 3 mixing container (BvL V-Mix2S Plus, Bremen, Germany) with two installed rotors (100 rpm). After 30 min of stirring, the straws and eluate were dumped onto a non-woven geotextile (1.0-1.5 mm) in the field and air dried for 48 h prior to oven drying. The samples were then oven dried (105 • C) in a nearby steam plant. The leaching and drying processes are simple and economical, with an estimated unit cost of €0.22 per kg. For combustion and other analyses, wheat straw samples were chopped using a sequential screening process (i.e., sequentially passed through 5, 2, and 1 mm screens) to ensure that the samples could be completely decomposed during the heating process. Finally, the samples less than 1 mm in particle size were stored in sealed plastic bags in the lab at 20 ± 2 • C. The wheat straw analyzed in this study is herein referred to as WS G (the footnote indicating the straw was sampled from Germany), and the wheat straw before and after leaching is referred to as WS GO (original straw) and WS GL (leached straw), respectively.
Analytical Procedures for Original and Leached Samples
Ash Content, Volatile Matter, and Other Content Tests
The ash content on a dry basis was determined by calculating it from the mass of the residue after heating using the following formula:
where m 1 is the mass of the empty dish, m 2 is the mass of the dish plus the test sample, m 3 is the mass of the dish plus the ash, and M ad is the percentage moisture content of the test sample. The heating process was conducted according to the procedure described in DIN EN ISO 18122. One gram wheat straw specimens were placed in crucibles during the heating process in a muffle oven (Nabertherm LH 30/14, Lilienthal, Germany). The temperature of the muffle oven was uniformly increased to 250 • C at a rate of 7.5 • C/min over a period of 0.5 h. In order that the volatile constituents (such as KCl) could escape from the specimens before combustion, 250 • C was maintained for 1 h. The oven temperature was then uniformly increased to 550 ± 10 • C over a period of 0.5 h at a rate of 10 • C/min, and 550 • C was maintained for 2 h. Following the heating process, the specimens and crucibles were cooled to lab temperature (i.e., 20 • C) on a heat-resistant plate in a desiccator. Ash content generally has a close relation with the melting temperature, and less ash content generates less sinter particles [5, 23, 27] . For the volatile matter tests, DIN EN ISO 18123 requires the heating of specimens for 7 min at a temperature of 900 ± 10 • C in a muffle oven. After heating, the crucible base was removed from the furnace and cooled to room temperature on a heat-resistant plate in the desiccator. Rapid cooling and storing in the desiccator also minimized the absorption of ambient water by the specimens. The percentage content of volatile constituents on a dry basis was calculated by subtracting the mass loss of water from the mass loss of the tested sample, as expressed in the following formula:
where m 1 is the mass of the empty dish, m 2 is the mass of the dish plus the test sample, m 3 is the mass of the dish plus the ash, and M ad is the percentage of moisture content of the test sample. Both original and leached samples were analyzed for moisture and ultimate elemental composition for C, H, N, S, and Cl. The facilities and experimental standards used are presented in Table 1 . Moreover, ash-related elements (e.g., Si, K, Mg, Na, Ca, etc.) were tested by an X-ray fluorescence (XRF) test. Heating value tests were conducted in accordance with DIN EN 14918. Half a gram of wheat straw was burnt in a bomb calorimeter (IKA C200, Wilmington, CA, USA) under high pressure oxygen (minimum 40 bar), equipped with an ignition circuit. The higher heating value (HHV) was chosen as an index parameter to evaluate the combustion characteristics of the wheat straw; HHV is widely used as an indicator of the total potential heat in a specimen [18, 19, 22, 28] .
Ash Melting Point Test
Hot-stage microscopy (HSM) has been widely used to study the sintering phenomena in biomass ash [4, 11, 23, 24, 26, 29] . In this study, a side-view hot stage microscope (EM201, Hesse Instruments Company, Osterode am Harz, Germany) was used to determine the sintering phenomena during the ash melting point test, and a schematic image of it is shown in Figure 1 . The HSM was equipped with an electrical furnace (Hesse HT-16, Osterode am Harz, Germany) and an image analysis system with a hot stage camera (Leitz CCD camera, Wetzlar, Germany). The HSM software calculates the projection image of the test object in three dimensions (including height, width, and area) to recognize the characteristic temperatures during the melting process. Heating value tests were conducted in accordance with DIN EN 14918. Half a gram of wheat straw was burnt in a bomb calorimeter (IKA C200, Wilmington, CA, USA) under high pressure oxygen (minimum 40 bar), equipped with an ignition circuit. The higher heating value (HHV) was chosen as an index parameter to evaluate the combustion characteristics of the wheat straw; HHV is widely used as an indicator of the total potential heat in a specimen [18, 19, 22, 28] .
Hot-stage microscopy (HSM) has been widely used to study the sintering phenomena in biomass ash [4, 11, 23, 24, 26, 29] . In this study, a side-view hot stage microscope (EM201, Hesse Instruments Company, Osterode am Harz, Germany) was used to determine the sintering phenomena during the ash melting point test, and a schematic image of it is shown in Figure 1 . The HSM was equipped with an electrical furnace (Hesse HT-16, Osterode am Harz, Germany) and an image analysis system with a hot stage camera (Leitz CCD camera, Wetzlar, Germany). The HSM software calculates the projection image of the test object in three dimensions (including height, width, and area) to recognize the characteristic temperatures during the melting process. The image analysis mainly focused on the volume change and morphology of the ash under four key temperatures during melting, which are as follows: (1) shrinkage starting temperature (SST), (2) deformational temperature (DT), (3) hemispheric temperature (HT), and (4) flow temperature (FT). SST is defined as the temperature at which the area of the projection image of the test object at 550 °C is less than 95%. SST is the temperature indicating that the specimen has started to shrink. DT is often known as the ash fusion temperature, at which the first sign of rounding on the edges of the specimen occurs during the melting process. Because of the frequently occurring shape recognition errors made SST is defined as the temperature at which the area of the projection image of the test object at 550 • C is less than 95%. SST is the temperature indicating that the specimen has started to shrink. DT is often known as the ash fusion temperature, at which the first sign of rounding on the edges of the specimen occurs during the melting process. Because of the frequently occurring shape recognition errors made by computers, the DT is typically manually selected and is also required by DIN CEN/TS 15370-1. HT is the temperature at which the specimen forms an approximate hemisphere. FT is the temperature at which the ash is extended over the support, the height of which is one half the height of the test piece at the hemispheric temperature.
Ash Sintering Degree Test
The ash melting degree test evaluates both by visual inspection and by assessing the microstructure of the specimen. Considering the range of effective temperatures of the lignocellulose biomass by household boilers at a small scale, the ash sintering degree test was conducted at four different temperatures: 700, 800, 900, and 1000 • C. Specimens were placed into a crucible and heated for 2 h in a muffle oven at a selected temperature. After heating, the specimens were removed and placed in desiccators for cooling. All specimens were mounted on aluminum stubs by double-sided adhesive carbon tape. The specimens were then scanned and analyzed using an SEM (Hitachi TM300, Tokyo, Japan) to evaluate the change in microstructure under various heating temperatures.
Results and Discussion
Proximate and Ultimate Analysis
Results of the ultimate elemental composition of the original and leached WS G are shown in Table 2 , where the values represent the weight percentage of dry biomass. To compare the leaching effects on the straws, the leaching data of wheat straw from Yu et al. [25] , which are denoted as WS U , were adopted and compared in Table 2 . According to the proximate analysis, the moisture content of WS GO was 6.55%, which is consistent with the dry surrounding environment during storage. A high moisture content of biomass normally wastes more energy during combustion, because the moisture consumes heat for evaporation during the early stage. The volatile matters of WS GO and WS UO were 79.12% and 74.0%. Biomass with a higher content of volatile matter typically has a relatively lower ash content (e.g., the comparison between WS GO and WS UO ), and a high content of volatile matter accelerates the combustion process and generates more energy at a given temperature [22] . Therefore, the WS GO , with a slightly higher volatile matter than WS UO , performed better in generating heat. Additionally, the ultimate analysis shows that C was the most dominant element in WS GO (47.62%), while O had the second highest concentration (41.53%). The H, N, S, and Cl contents of WS GO were 6.20, 0.43, 0.06, and 0.02%, respectively, which are similar to WS U except Cl (H: 5.70%; N: 0.47%; S: 0.11%). Higher Cl contents occurred in WS UO (0.85%), while the Cl content in WS GO was only 0.02%.
The leaching procedure significantly enhanced the C content and volatile matters in the biomass by washing the contaminants attached to the straw surface, e.g., elements brought in during harvesting. A higher C content was found in WS GL (47.83%) compared to that of WS GO (47.62%), which was consistent with the C content in WS U (which increased from 43.50% to 44.90%) and the results reported by Said et al. [23] . Additionally, the volatile matter slightly increased by 5.32% (from 79.12% in SW GO to 83.33% in SW GL ) after leaching. Significant increases in volatile matter were found in WS UL , increasing from 74.00% to 80.30% after leaching. Increases in volatile matter will enhance the energy per unit of dry mass, conveying the benefits of the leaching process [17, 26] . Both WS GO and WS GL showed a relatively low ash content, at 4.14% and 3.06%, respectively. The ash removal efficiency after leaching was 26.09%, which is largely due to the removal of a great number of ash particles, as well as some alkaline metals (such as K) and partial Cl and S contents in the biomass [24, 30] . WS UO showed relatively higher ash contents (8.28%) compared to WS UL (6.27%) after washing. Generally, the ash content is inversely related to the biomass combustion efficiency. High ash content in biomass decreases the heating value and generates ash-related problems, e.g., precipitation on the inner surface of the boiler, when applying biomass as a solid fuel [22] . A significant removal of Cl, S, and N occurred after leaching with water. Cl was completely washed away, with non-detectable Cl content in WS GL after leaching. The Cl content was also non-detectable in WS UL . Similar to Cl, S is often regarded as a diffluent element (occurring as sulfate). The S content decreased by 66.67% (from 0.06% to 0.02%) in WS G after leaching, while the S removal of WS U was nearly 100%.
Differences between the proximate analysis and ultimate analysis can be recognized, although the leaching process has similar effects-of increasing (C and volatile matters) and decreasing (ash, Cl, S, and N) compounds in both WS G and WS U .
Removal of Ash-Related Elements in Samples
The major ash-related elements detected in the biomass samples were Ca, K, Mg, Na, and Si (Table 2) . In WS GO , the Ca, K, Mg, and Si contents were 16.08, 19.18, 0.54, and 16.64 mg/g, respectively. Generally, the leaching process showed a high efficiency in the removal of ash-related elements, and similar results were found in other studies [17, 31, 32] . WS GL showed a significant decrease in K (7.08 mg/g) and Mg (0.38 mg/g) contents after leaching, and the removal ratios were 63.1% and 29.6%, respectively. Additionally, the Si in WS GL slightly decreased to 15.93 mg/g (16.64 mg/g in WS GO ), at a reduction ratio of 4.3%. Si is the major element of clays, as clay minerals are the major silicates [3] . The washing of ash particles, including clays, attached to the straw surface may be the reason for the reduction of Si. However, the Ca content in WS G increased by 15.9% (from 16.0 to 18.64 mg/g), while WS U showed a reduction in Ca after leaching. Additionally, the Ca in WS G was 14.5 times higher than in WS U , which is likely due to the variation in biomass types or cultivation ambience (e.g., water hardness and soil condition). [22] reported an inversely linear relationship between ash content and HHV. Similar results were also found by Jenkins et al. [16] and Obernberger et al. [33] . The biomass HHV is considered to be strongly related to organic compounds [25] . The ash content reduction results in a relatively higher content of organic matter (e.g., lignocellulose and volatile matter), consequently increasing the HHV. The biomass heating value represents the calorific release while burning in the furnace. Improving HHV obviously enhances the energy potential of wheat straw as a biomass solid fuel.
Ash Melting Test
Results of the ash melting test are shown in Figure 2 . Generally, the combustion temperature of household boilers at a small scale ranges from 1000 to 1200 • C (the orange color marked in Figure 2 ). The shrinkage of ash in WS GO began at 700 • C (SST), while round angles in the ash were first evident at approximately 910 • C (DT). The FT of the WS GO was found at 1130 • C. Therefore, in the temperature range of household boilers at a small scale (1000-1200 • C, marked in Figure 2 ), WS GO is easily fused and transformed from solid to liquid. Similar results were also reported by Ma et al. [34] and Niu et al. [11] . The results show that the original wheat straw collected in this study was significantly melted during combustion. A similar melting phenomenon is also likely to occur when using WS UO , because the SST and DT are relatively lower than the minimum temperature of the boiler (1000 • C). The SST of WS UO (800 • C) was 100 • C higher than that of WS GO (700 • C), while the differences in the DT were negligible. Results of the ash melting test are shown in Figure 2 . Generally, the combustion temperature of household boilers at a small scale ranges from 1000 to 1200 °C (the orange color marked in Figure 2 ). The shrinkage of ash in WSGO began at 700 °C (SST), while round angles in the ash were first evident at approximately 910 °C (DT). The FT of the WSGO was found at 1130 °C. Therefore, in the temperature range of household boilers at a small scale (1000-1200 °C, marked in Figure 2 ), WSGO is easily fused and transformed from solid to liquid. Similar results were also reported by Ma et al. [34] and Niu et al. [11] . The results show that the original wheat straw collected in this study was significantly melted during combustion. A similar melting phenomenon is also likely to occur when using WSUO, because the SST and DT are relatively lower than the minimum temperature of the boiler (1000 °C). The SST of WSUO (800 °C) was 100 °C higher than that of WSGO (700 °C), while the differences in the DT were negligible. The leaching process effectively improved the ash melting temperatures. Generally, biomass fuels with high ash melting temperatures (beyond the boiler temperature) generate less sinters while burning. The SST of WSGL was 10 °C higher than that of WSGO after leaching. However, a more drastic increase in DT and FT was observed after leaching. The DT and FT of WSG increased by 410 °C (from 910 to 1320 °C) and 280°C (from 1130 to 1410 °C) respectively, indicating that leaching by water greatly impacts the deformational behavior of ashes. Both the DT and FT are beyond the combustion temperature zone of small-scale household boilers, indicating that ash melting is unlikely to occur during combustion. Jenkins et al. [20] and Bakker et al. [21] found that the removal of ashes and absorption K via leaching could evidently improve the melting temperature, which is consistent with WSU. Additionally, leaching can decrease the opportunities for a K-silicate (e.g., mica), which is considered a byproduct at a low melting temperature and theoretically promotes the sintering temperature [35] , to be formed. The leaching process effectively improved the ash melting temperatures. Generally, biomass fuels with high ash melting temperatures (beyond the boiler temperature) generate less sinters while burning. The SST of WS GL was 10 • C higher than that of WS GO after leaching. However, a more drastic increase in DT and FT was observed after leaching. The DT and FT of WS G increased by 410 • C (from 910 to 1320 • C) and 280 • C (from 1130 to 1410 • C) respectively, indicating that leaching by water greatly impacts the deformational behavior of ashes. Both the DT and FT are beyond the combustion temperature zone of small-scale household boilers, indicating that ash melting is unlikely to occur during combustion. Jenkins et al. [20] and Bakker et al. [21] found that the removal of ashes and absorption K via leaching could evidently improve the melting temperature, which is consistent with WS U . Additionally, leaching can decrease the opportunities for a K-silicate (e.g., mica), which is considered a byproduct at a low melting temperature and theoretically promotes the sintering temperature [35] , to be formed.
Sintering Degree Test
To observe ash sintering behavior at different temperatures, the ash sintering degrees at selected temperatures (i.e., 700, 800, 900, and 1000 • C) were evaluated. Incremental temperatures were chosen for the ash sintering degree test, considering operational experience, which tells us that crop biomass burns in boilers within a certain temperature range. Both the original and leached samples were then heated in a muffle oven under the aforementioned temperatures.
Macroscopic and microscopic images of WS GO and WS GL ashes heated at 700-1000 • C are shown in Figures 3 and 4 , respectively. Only a slight amount of WS GO ash remained after heating at 1000 • C. The melted ash strongly adhered to the crucible and formed hard and dense sediment, which was difficult to segregate and photograph under SEM (Figure 3d) . Therefore, no SEM image of the macrostructure of WS GO is provided in this study. No severe sintering was found from the heated ashes in the crucible at 700 • C, and the WS GO ash was easily ground to powder. The SEM analysis shows that the molten structure of WS GO was evident at 700 • C. However, a loosely packed structure (a porous structure) is dominant at 20 micron magnification (Figure 3a) . The molten structure was observed to have a dark and smooth surface, and is considered to be an intuitionistic sintering part (point 2 on Figure 3a) . Unmelted compounds are represented in a light gray color and are of a loose ash condition (point 1 on Figure 3a) . Severe sintering appeared when the ash was heated to temperatures higher than 800 • C. At 800 • C, ash diffusion occurred in the crucible. Some of the ash particles were consolidated into a solid structure. The molten structure with a dark surface (point 4 on Figure 3b ) formed larger grains than that at 700 • C, with loosely packed ash attached to the surface (point 3 on Figure 3b ). Strong sintering was observed when the structure was heated to 900 • C, though no sign of wheat straw ash debris was found in the crucible (Figure 3c) . Additionally, the loosely packed ashes observed at lower temperatures (<900 • C) completely melted at 900 • C (point 5 on Figure 3c ).
The ash after leaching showed similar macro and microstructures as that of the original ash at 700 • C (Figure 4a ). However, wheat straw ashes after leaching showed an obvious porous structure in the SEM images at 800 • C (Figure 4b ). Loose ashes (Point 6 on Figure 4a and Point 8 on Figure 4b ) adhered to the molten areas (Point 7 on Figure 4a and Point 9 on Figure 4b ). Ash heated to 800 • C showed an incompact appearance, although the microstructure was evident in the porous condition, indicating that the washed wheat straw ash was slightly melted and classified as slightly sintered. Sintering appeared as the heating temperature increased to 900 • C (Figure 4c ). Unmolten ashes (Point 10 in Figure 4c ) still existed at 900 • C, indicating that WS GL performed better than WS GO at 900 • C, which revealed that wheat straw after leaching had a negative tendency to generate sinters under this condition. An SEM image of WS GL ash heated at 1000 • C is shown in Figure 3d . The ashes were primarily pale in color, with a small amount of ash forming a hard and dense precipitate, which was different than that of WS GO . Un-sintered particles (Point 11 in Figure 4d ) with a similar microstructure to that of Point 5 in Figure 4c were observed under SEM. Melted particles existed in WS GL , although, unlike in WS GO , the leaching process had already decreased the risk of sintering at 1000 • C. Figure 3b ). Strong sintering was observed when the structure was heated to 900 °C, though no sign of wheat straw ash debris was found in the crucible (Figure 3c) . Additionally, the loosely packed ashes observed at lower temperatures (< 900 °C) completely melted at 900 °C (point 5 on Figure 3c ). The ash after leaching showed similar macro and microstructures as that of the original ash at 700 °C (Figure 4a ). However, wheat straw ashes after leaching showed an obvious porous structure in the SEM images at 800 °C (Figure 4b ). Loose ashes (Point 6 on Figure 4a and Point 8 on Figure 4b ) adhered to the molten areas (Point 7 on Figure 4a and Point 9 on Figure 4b ). Ash heated to 800 °C showed an incompact appearance, although the microstructure was evident in the porous condition, indicating that the washed wheat straw ash was slightly melted and classified as slightly sintered. Sintering appeared as the heating temperature increased to 900 °C (Figure 4c ). Unmolten ashes (Point 10 in Figure 5c ) still existed at 900 °C, indicating that WSGL performed better than WSGO at 900 °C, which revealed that wheat straw after leaching had a negative tendency to generate sinters under this condition. An SEM image of WSGL ash heated at 1000 °C is shown in Figure 3d . The ashes were primarily pale in color, with a small amount of ash forming a hard and dense precipitate, which was different than that of WSGO. Un-sintered particles (Point 11 in Figure 4d ) with a similar microstructure to that of Point 5 in Figure 4c were observed under SEM. Melted particles existed in WSGL, although, unlike in WSGO, the leaching process had already decreased the risk of sintering at 1000 °C. Wang et al. [5, 27] classified biomass ashes into five sintering degrees based upon the microstructure, which are as follows: (1) loose ash without aggregates and slag formation; (2) slightly sintered ash, with an easily broken fragile structure; (3) hard, sintered ash with partial melting; (4) very hard, sintered ash, related to formation of heavy sinters and slag; and (5) completely melted.
The sintering degrees of leached and unleached biomass used in this study at different temperatures are shown in Figure 5 . At 700 °C, WSGO and WSGL were both slightly sintered and Wang et al. [5, 27] classified biomass ashes into five sintering degrees based upon the microstructure, which are as follows: (1) loose ash without aggregates and slag formation; (2) slightly sintered ash, with an easily broken fragile structure; (3) hard, sintered ash with partial melting; (4) very hard, sintered ash, related to formation of heavy sinters and slag; and (5) completely melted.
The sintering degrees of leached and unleached biomass used in this study at different temperatures are shown in Figure 5 . At 700 • C, WS GO and WS GL were both slightly sintered and classified as Degree 2. However, WS GO showed more severe sintering after 700 • C. WS GO samples heated at 800, 900, and 1000 • C were hard sintered (Degree 3), very hard sintered (Degree 4), and completely melted (Degree 5), respectively. The sintering degree of WS GL was generally lower than that of WS GO , indicating that leaching improved the wheat straw sintering characteristics. The sintering degrees of WS GL increased from slight sintering (Degree 2) to very hard sintering (Degree 4) from 800 • C to 1000 • C. The effectiveness of leaching is generally attested to, e.g., by Said et al. [23] . 
Predicting Model of Ash Sintering by Ash-Related Elements
The results of the partial correlation analysis of biomasses from the literature and current study are shown in Table 3 . The analysis aims to investigate the partial correlation between ash-related elements (Si, Mg, Ca, Na, and K) and SST, which is considered to be the temperature when biomass ash starts to sinter [11] . A higher SST is preferable for combustion, because there is less chance of agglomeration. By conducting partial correlation analysis, the variance in a particular variable is partitioned into components attributable to different sources of variation, and the statistical significance of each variable on the variance can be clarified. 
The results of the partial correlation analysis of biomasses from the literature and current study are shown in Table 3 . The analysis aims to investigate the partial correlation between ash-related elements (Si, Mg, Ca, Na, and K) and SST, which is considered to be the temperature when biomass ash starts to sinter [11] . A higher SST is preferable for combustion, because there is less chance of agglomeration. By conducting partial correlation analysis, the variance in a particular variable is partitioned into components attributable to different sources of variation, and the statistical significance of each variable on the variance can be clarified. The results of partial correlation analysis are shown in Table 4 . K (-0.617) had the most significant negative effects on SST (p-value: 0.011 < 0.05) among all five elements. Si (-0.366) and Mg (+0.351) are possibly related to SST, although the p-values were higher than 0.05. Na (-0.162) showed no evident correlation to SST, whereas Ca (+0.005) showed no correlation (p-value: 0.985; >0.95). Therefore, the concentration of K is the main factor affecting the ash sintering temperature. Positive effects of Ca and Mg on ash sintering problems have been proven to buffer the negative impact of K; as a result, the K/(Ca + Mg) ratio is proposed to indicate the ash sintering tendency [26, 36, 40] . Tonn et al. [26] noted that grassland biomass with a K/(Ca + Mg) ratio of 0.23 had a strong chance of being loose ash, whereas it was easily sintered when the K/(Ca + Mg) ratio was as high as 1.75, indicating that the high K/(Ca + Mg) ratio more likely causes ash sintering. In this study, the K/(Ca + Mg) ratio of wheat straw (i.e., WS G ) decreased from 1.15 to 0.37 after leaching, evidently improving the ash sintering characteristics via the leaching process. 
Conclusions
The leaching of ash from biomass using water could be an economical and feasible technique to prevent ash-related problems. In this study, the ash in wheat straw was washed using tap water, and the ash content decreased by 26.09% (from 4.14 to 3.06%). The leaching process had effects on compounds, increasing C and volatile matters and decreasing ash, Cl, S, and N of the wheat straw. Moreover, K showed the highest removal rate compared to that of other elements after leaching, including Ca, Mg, Cl, and S. The leaching process also enhanced the C content and volatile matters, which resulted in the increase of HHV.
The leaching process effectively improved the ash melting temperatures in DT and FT. The microstructural images from SEM of WS GO and WS GL obviously showed more melted parts in WS GO than in WS GL at the same temperature, and the sintering degrees of WS GL were lighter than those of WS GO , which indicates that leaching remits the ash sintering problem. K is the main cause of the lower ash sintering temperature, which must be significantly decreased by partial correlation analysis. The K/(Ca + Mg) ratio decreased considerably, which evidently showed the removal of K in the wheat straw. Consequently, the leaching of K from wheat straw was proven to have positive effects on the ash sintering problem.
